The von Hippel-Lindau (pVHL) protein plays an important role in hypoxia sensing. It binds to the hydroxylated hypoxia-inducible factor 1a (HIF-1a) and serves as a recognition component of an E3-ubiquitin ligase complex. In hypoxia or secondary to a mutated VHL gene, the nondegraded HIF-1a forms a heterodimer with HIF-b and leads to increased transcription of hypoxia-inducible genes, including erythropoietin (EPO). The autosomal dominant cancer-predisposition von Hippel-Lindau (VHL) syndrome is due to inheritance of a single mutated allele of VHL. In contrast, we recently showed that homozygous germline 598CrT VHL mutation leads to Chuvash polycythemia (CP). We subsequently found VHL mutations in three unrelated individuals unaffected with CP, one of whom was compound heterozygous for the 598CrT mutation and another VHL mutation. We now report seven additional polycythemic patients with VHL mutations in both alleles. Two Danish siblings and another American boy were homozygous for the VHL 598CrT mutation. Three unrelated white Americans were compound heterozygotes for 598CrT and another VHL mutation, 562CrG in two and 574CrT in the third. Additionally, a Croatian boy was homozygous for a 571CrG VHL mutation, the first example of homozygous VHL germline mutation causing polycythemia, other than the VHL 598CrT mutation. We have not observed VHL syndrome-associated tumors in polycythemic subjects or their heterozygous relatives; however, this will need to be evaluated by longitudinal studies. Over all, we found that up to half of the consecutive patients with apparent congenital polycythemia and increased serum Epo we have examined have mutations of both VHL alleles. Those findings, along with reports of CP, underscore that VHL mutations are the most frequent cause of congenital polycythemia and define a new class of polycythemic disorder, polycythemias due to augmented hypoxia sensing.
of hypoxia-inducible genes, including erythropoietin (EPO) (see fig. 1 ; Semenza 2001) . The cancer-predisposition von Hippel-Lindau syndrome (MIM 193300) is an autosomal dominant disorder due to inheritance of a mutation in a single VHL allele. Faithful to Knudson's two-hit hypothesis (Knudson et al. 1975) , tumors develop upon somatic mutation or inactivation of the other, normal VHL allele. However, until the recent molecular elucidation of the cause of Chuvash polycythemia (CP) or autosomal recessive benign congenital polycythemia (MIM 263400), true inheritance of germline mutations in both VHL alleles, to our knowledge, had never been reported.
There are numerous causes for an increased redblood-cell mass, or "polycythemia." Polycythemia can be either acquired or congenital. Primary polycythemias have low serum Epo and are due to somatic or germline
Figure 1
Hypoxia-sensing pathway. The hypoxia-inducible factor 1a (HIF-1a) is a master regulator of hypoxia. In normoxia, HIF-1a is hydroxylated by proline hydroxylase; pVHL binds to the hydroxylated form of HIF-1a and serves as the recognition component of an E3-ubiquitin ligase complex that comprises elongins B (B) and C (C), Cullin 2, and ring-box 1; this includes a proteosomal degradation of HIF1a. In hypoxia, HIF-1a accumulates and forms a heterodimer with HIF-1b that will bind to hypoxia-responsive elements (HRE) and leads to an increased synthesis of the related hypoxia-responsive genes, such as EPO, vascular endothelial growth factor (VEGF), glucose transporter 1 (Glut1), phospho-glycerate kinase (PGK), transferrin and its receptor, and other genes. mutations expressed within the erythroid progenitors. In contrast, increased circulating level of erythropoiesisstimulating substance, typically Epo, leads to secondary polycythemias (Prchal 2003) . CP is a unique polycythemic disorder, the only recessively inherited disorder, and endemic in the Chuvash Autonomous Republic of Russia (Sergeyeva et al. 1997; Ang et al. 2002b ). We recently demonstrated that CP was caused by homozygosity for the 598CrT (R200W) VHL mutation (Ang et al. 2002a (Ang et al. , 2002b . Subsequently, we have found VHL mutations in three unrelated non-Chuvash children; of those three children, one was a compound heterozygote for the VHL 598CrT mutation and a VHL 388GrC (V130L) mutation in the other allele (Pastore et al. 2003) . Homozygosity for the VHL 598CrT mutation was also recently observed in three Bangladesh families living in the United Kingdom (Percy et al. 2002) .
We pursued the hypothesis that inheritance of the VHL mutation is an important cause of congenital polycythemia. Patients were referred to our laboratory by pediatric hematologists and other clinical collaborators. Thirteen patients were selected and evaluated because of their history of sporadic, apparently congenital polycythemia and "a normal" (considered as an inappropriate level for the elevated hemoglobin level) or elevated serum Epo; all patients except two siblings were unrelated. Patients were of various ethnic backgrounds; none of them were of Chuvash origin. All patients signed an informed consent for the study that had been reviewed and approved by the institutional review board of Baylor College of Medicine. One stored specimen was previously collected with approval of the internal review board of University of Alabama at Birmingham. Peripheral blood from patients, and, in most instances, also from their available relatives were collected in acid-citrate-dextrose, and genomic DNA samples were isolated by use of a QIAamp DNA blood mini kit (QIAGEN).
To search for VHL mutations, we proceeded to a systematic sequencing of all three VHL exons and intronexon boundaries. PCR reactions were performed in 50-ml volume that contained 20 mM Tris-HCl pH 8.4, 50 mM KCl, 1.5 mM MgCl 2 , 100 mM dNTP, 300 nM primers, and 2.5 U/reaction Taq DNA polymerase (Life Technologies). The following sets of primers were used: VHL1F 5 -CGAAGACTATGGAGGTCGAC-3 , VHL1R 5 -GGCTTCAGACCGTGCTATCG-3 for exon 1; VHL2F 5 -GTGTGGCTCTTTAACAACC-3 , VHL2R 5 -CTGTACTTACCACAACAACC-3 for exon 2; and VHL3F 5 -CCTTGTACTGAGACCCTAG-3 , VHL3R 5 -GCTGAGATGAAACAGTGTA-3 for exon 3. DMSO (10%) was added for amplification of exon 1. PCR products were then purified with a QIAquick Gel Extraction Kit (QIAGEN). Ten to 20 ng of purified PCR product was used as the template for sequencing with a DNA Sequencing Kit (BigDye Terminator Cycle Sequencing Ready Reaction, Applied Biosystems), with forward or reverse primers (identical to those used for PCR reaction). The sequencing reaction was performed in the Peltier f Patient 1 and patient 2 had their serum Epo measured several times; the serum Epo was high once and at normal-tohigh-normal range on other occasions.
Model P200 thermocycler. The products were then analyzed on the ABI Prism 377 DNA Sequencer (Applied Biosystems) according to the manufacturer's protocol.
Of the 13 patients analyzed, 7 were found to have VHL mutations; all 7 had both VHL alleles mutated (see table 1 ). Eleven of 13 tested subjects had the EPOR gene analyzed for mutation (Kralovics et al. 2001) ; none was found.
Patient 1 and patient 2, two healthy Danish siblings, and another, unrelated white boy from the United States (patient 3) were all homozygous for the 598CrT VHL mutation. Both Danish siblings had been diagnosed in early childhood (patient 1 was incidentally found polycythemic while hospitalized because of wheezing at age 8 mo). Evaluation of family members revealed polycythemia in his otherwise-asymptomatic brother (patient 2); no other family members were found to be polycythemic (see pedigree [ fig. 2A ]; table 1).
Patient 3 had incidentally been found to be polycythemic on day 3 of life and had been treated by occasional phlebotomies since then. At age 15 years, he was hospitalized for severe abdominal pain and was found to have infarction of the great omentum secondary to a mesenteric thrombosis. He later had deep venous thrombosis complicated by pulmonary embolism at age 18 years. He has been on anticoagulation therapy with warfarin and remains polycythemic (age 19 years). No evidence for intra-abdominal tumors or cystic lesions was found by abdominal CT scan or during abdominal surgery.
Patient 4, patient 5, and patient 6 (two white American males and one white American female) were found to be compound heterozygous for the 598CrT mutation and another VHL mutation. Patient 4 had been diagnosed with polycythemia at age 9 years; he is a compound heterozygote for the VHL 598CrT mutation and a previously undescribed 574CrT (P192A) VHL mutation. Analysis of family members revealed that the VHL 598CrT mutation had been inherited from his mother, whereas the 574CrT mutation was inherited from his father and also found in his brother; they were not polycythemic (see fig. 2B ).
Patient 5 is a 13-year-old girl incidentally found to have polycythemia at age 5 years, the first time her hemoglobin concentration was tested; she has a mild clubbing without any other symptoms or stigmata of polycythemia and has been treated with periodic phlebotomies. This girl is a compound heterozygote for the 598CrT and 562CrG (L188V) VHL mutations. The 598CrT mutation had been inherited from her mother. The inheritance of the 562CrG mutation could not be determined, as we were unable to obtain consent from other family members and her undisclosed father.
Patient 6 was diagnosed with polycythemia at age 5 years; he had been previously reported as having secondary polycythemia because of a markedly increased serum Epo (Mankad et al. 1987) . The patient was subsequently evaluated in our laboratory 15 years ago: (a) in vitro evaluation of erythroid progenitors responses to Epo after careful removal of serum from erythroid progenitors could not confirm the reported Epo independence, (b) sequencing of EPO cDNAs revealed no mutations, and (c) the etiology of his polycythemic disorder remained unclear at that time (J. T. Prchal, unpublished data). Recent re-examination of his stored sample for the VHL mutation revealed the same mutations as in patient 5: a 598CrT mutation and a 562CrG VHL mutation; it is unfortunate that we have not been able to locate him. Subject 5 and subject 6 were not related and originate from central Tennessee and southern Alabama, respectively.
Patient 7 is a 17-year-old Croatian male who was
Figure 2
Pedigree of families available for DNA studies and with more extended family history. A, Pedigree of patient 1 and patient 2. Asterisks (*) denote that family members of patient 1 (Pt. #1) and patient 2 (Pt. #2) had developed the following complications: 1:2 had history of brain tumor, whereas 2:2 had history of ocular thrombosis. B, Pedigree of patient 4. C, Pedigree of patient 7.
diagnosed with polycythemia and elevated serum Epo in early childhood. He was found to be homozygous for a previously undescribed 571CrG (H191D) VHL mutation. The 571CrG mutation can be distinguished from other alleles, as it abolishes the MslI restriction site. The parents of patient 7 were unrelated. They and his sister were heterozygous for the 571CrG (H191D) VHL mutation (see fig. 2C ). We then screened 179 normal control subjects (DNA kindly provided by the Baylor College of Medicine Polymorphism Resource Core, comprising 48 whites, 43 African American, 40 Asians, and 48 Hispanics), and all had normal MslI restriction pattern. Thus, the 571CrG mutation likely represents a disease-causing mutation, and it is not a common polymorphism. Our discovery of homozygosity for the 571CrG (H191D) mutation is the first example, to our knowledge, of a homozygous germline VHL mutation other than the VHL 598CrT mutation causing polycythemia. The exact phenotype of the 571CrG VHL mutation will need to be defined by longitudinal studies.
In the six remaining patients with a similar polycythemic phenotype, no VHL mutations were found. With the exception of subject 3, all polycythemic patients had no medical problem; some, but not all, polycythemic subjects gave a history of headaches and difficulty in concentrating when their hematocrit (Hct) was high, and, in some, these symptoms were immediately relieved by phlebotomy. On the basis of our observation, it appears that mutation of the VHL gene is an important cause for congenital polycythemia. Combined with our previous data (Pastore et al. 2003) , up to 50% of patients with apparent congenital polycythemia and elevated serum Epo (11 of 21 patients analyzed so far) appear to have mutation in the VHL gene. The phenotype of this polycythemic disorder may comprise an increased risk for thrombosis. Although this complication was observed in only one of our patients (patient 3), preliminary report of an epidemiological study in the Chuvash population had reported an increased risk for thrombosis possibly associated with homozygosity for the 598CrT VHL mutation (Gordeuk et al. 2001) .
Inheritance of a mutation in the VHL tumor suppressor is known to predispose to the high risk for various tumors Friedrich 2001) . Through studies of families with VHL syndrome, genotype-phenotype correlation has emerged. Families with VHL are usually differentiated on the basis of their risk for pheochromocytomas: low risk for families with type 1 VHL and high risk for families with type 2 VHL. Type 2 VHL is further divided into a low (type 2A) or high (type 2B) risk for renal cell carcinoma, whereas families with type 2C present only with familial pheochromocytomas. Type 2 VHL is generally associated with missense VHL mutations, whereas type 1 VHL mutations tend to have loss-of-function mutations of the VHL gene, which are frequently deletions or truncated mutations (Friedrich 2001) . In our families, we would therefore expect to observe not only a high incidence for pheochromocytomas and/or renal cell carcinoma, but possibly other VHL-associated tumors, as well. To evaluate this, all patients with identified VHL mutations except patient 6 were subject to evaluation on the basis of recommendations, developed by the National Institutes of Health, that comprise abdominal and cerebral imaging and ophthalmologic examination (Choyke 1995) . To our surprise, no VHL tumors were observed, although MRI of spinal cord was not performed on every child. We then reviewed history and medical records of 11 subjects heterozygous for the VHL mutations described here (three heterozygotes for the 571CrG mutation, seven for the 598CrT mutation, and two for the 574CrT VHL mutation), three heterozygotes for the previously reported 388GrC mutation (Pastore et al. 2003) , as well as 27 Chuvash subjects heterozygous for the VHL 598CrT mutation (Ang et al. 2002a (Ang et al. , 2002b . None of these studied heterozygote carriers had any VHL syndrome-associated tumors, though we could not exclude a possible VHL-associated tumor in the Danish family in which one man had a history of otherwiseuncharacterized brain tumor and another had a history of ocular thrombosis. However, both these two ancestors of patient 1 and patient 2 were older than age 70 years (see fig. 2A ), their DNA was not available for testing, and these medical disorders likely represent sporadic tumors unrelated to VHL syndrome. One VHL mutation, 562CrG, observed in our polycythemic subjects has been reported to have a high risk for pheochromocytoma development and to be associated with families with type 2C VHL syndrome (Ritter et al. 1996) . We have been unable to locate heterozygous relatives of our polycythemic subjects who carry this VHL mutation. The 388GrC mutation, another VHL mutation previously reported in compound heterozygosity with the 598CrT mutation (Pastore et al. 2003) , has also been reported as a germline mutation in two patients with VHL syndrome (Universal VHL-Mutation Database). Yet, the consequences of the association of the VHL 562CrG mutation or the 388GrC mutation with the VHL 598CrT mutation in the compound heterozygous propositus will need to be evaluated prospectively, and the low penetrance of these tumors and the young age of the patients we studied cannot exclude a possible VHL tumor association at this point.
The absence of tumors in our families is in keeping with the results of an ongoing epidemiological study in the Chuvash population that failed to demonstrate an increased risk of the VHL 598CrT mutation for VHL syndrome-associated tumors (Gordeuk et al. 2001) . VHL syndrome is known to have variable penetrance, and tumor development may also be influenced by other genetic or environmental factors, such as carcinogen exposure (Bruning et al. 1997; Webster et al. 1998) . Furthermore, certain mutations, such as the VHL 505TrC mutation, may even confer an advanced-age penetrance of tumor development (Bender et al. 2001) . Therefore, longitudinal studies will be necessary to determine the exact risk of tumor development in our patients. Although as yet unconfirmed, this apparent low penetrance for tumor development contrasts with a highly penetrant polycythemic phenotype in all patients with homozygosity or compound heterozygosity for those VHL mutations we discuss here.
It is of interest that patients with the mutations in the VHL gene reported here do not appear at risk of developing tumors; however, this will need to be confirmed by longitudinal studies as well as studies including adults who have these VHL mutations. Our findings emphasize a distinction between VHL "polycythemia-causing" mutations and other VHL mutations associated with the tumor-predisposition syndrome. The 571CrG, 562CrG, and 574CrT VHL mutations found in compound heterozygosity with the VHL 598CrT mutation could be considered "polycythemia-associated" mutations. Whether homozygosity for those mutations would also lead to a polycythemic phenotype remains to be determined. Both VHL-polycythemia-causing" mutations (571CrG and 562CrG) and most of the "polycythemia-associated" mutations (i.e., 388GrC, 562rG, and 574CrT) are missense mutations localized in the C-terminal portion of VHL. Moreover, both "polycythemiacausing" mutations and "polycythemia-associated" mutations are located within the same structural region (see fig. 3 ). Further, the 376GrT (D126Y) VHL mutation, recently reported as a possible autosomal dominant polycythemia-causing mutation found in two siblings (Pastore et al. 2003) , is localized within the same domain (see fig. 3 ). This domain is distinct from the region directly interacting with elongins B and C (Ohh et al. 1999) and from the VHL beta domain known to interact with HIF-1a (Ohh et al. 2000) . The ability of the 562CrG VHL mutant to interact with elongin B and C, as well as to capture and ubiquinate HIF-1a, was shown to be similar to the wild-type VHL (Clifford et al. 2001) . Similarly, the VHL 598CrT mutation was shown to lead to only a mild decrease in its ability to capture HIF-1a (Ang et al. 2002b) . It is therefore conceivable that those mutations cause only a modest impairment of HIF-1a degradation. Alternatively, it is pos-
Figure 3
VHL-polycythemia-causing and polycythemia-associated mutations. Illustration of VHL protein structure (yellow) and interactions with elongin B (pale blue), elongin C (dark blue), and HIF-1a (green) was produced by use of Swiss PDB-viewer software and was based on the PDB-1LM8 crystallized structure (Min 2002) . Red, Homozygous VHL mutations found at position R200 and H191. Orange, VHL mutations found in compound heterozygosity with the 598CrT (R200W) mutation. Pink, Mutation at Y126, previously proposed as a dominant negative VHL mutation found in two siblings with apparent congenital polycythemia (Pastore et al. 2003). sible that those mutations alter the interaction of VHL with other proteins, such as fibronectin, which was observed with the L188V mutation (Hoffman et al. 2001) , perhaps resulting in the tissue-specific effect that may be more expressed in Epo-producing tissues and the erythroid cells. It is interesting that the 376GrT, 388GrC, 562CrG, 574CrT, and 598CrT VHL mutations discussed here are encoding for amino acids that are conserved between mouse and human; however, the 571CrG mutation is not (Gao et al. 1995) . Only two mutations (the 388GrC and 562CrG VHL mutations) affect highly conserved amino acids, when comparing human and Drosophila VHL protein (Adryan et al. 2000) . In conclusion, we show here that inheritance of mutations of both alleles of the VHL gene represents an important cause of congenital polycythemia. We report that about one-half of patients with apparent congenital polycythemia and increased or inappropriate serum Epo (11 of 21) have VHL mutations. In our experience, mutations of both alleles of the VHL gene are the most common of all congenital polycythemias with the defined molecular defect so far (Prchal 2003) and are compatible with long-term survival. In contrast to VHL syndrome, this congenital disorder appears to be associated with a low penetrance for cancer development. The VHL mutations define a new category of polycythemic disorder: polycythemias due to inherited augmentation of hypoxia sensing.
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